The field of biophotoelectrochemistry and its application in biophotovoltaics and biosensors has gained more and more attention in recent years. Knowledge of the redox potentials of the catalytically active protein cofactors in biophotovoltaic devices is crucial for accurate modelling and in discerning the mechanisms of their operation. Here, for the first time, we used spectroelectrochemical methods to investigate thermodynamic parameters of a biophotoelectrode in situ. We determined redox potentials of two elements of the system: the primary electron donor in photosynthetic reaction centers (RCs) of the bacterium Rhodobacter sphaeroides and osmium-complex based redox mediators that are bound to a hydrogel matrix. We observe that the midpoint potential of the primary donor is shifted towards more positive potentials in comparison to literature data for RCs solubilized in buffered water solution, likely due to interaction with the polymer matrix. We also demonstrate that the osmium-complex modified redox polymer efficiently wires the RCs to the electrode, maintaining a high Internal Quantum Efficiency with approximately one electron per two photons generated (IQE ¼ 50±12%). Overall, this biophotoelectrode may be attractive for controlling the redox state of the protein when performing other types of experiments, e.g. time resolved absorption or fluorescence measurements, in order to gain insights into kinetic limitations and thereby help in the rational design of bioelectronic devices.
Introduction
With more and more biophotovoltaic device prototypes emerging, determination of the redox potentials of cofactors inside complex proteins is becoming an important topic in the field of bioelectrochemistry. For some small and accessible proteins it is possible to directly measure such potentials via cyclic voltammetry (CV) in solution without additional redox mediators, for example for cytochrome c [1] . However, for complex membrane photoproteins such as Photosystem I (PSI) or the Rhodobacter (Rba.) sphaeroides Reaction Center (RC) these measurements are challenging due to the typically deeply-embedded nature of the redox centers within the protein scaffold and the surrounding detergent micelle. A direct electron transfer (DET) between the electrode and the protein is thus difficult because of large tunneling distances, and generally necessitate the use of an electron mediator to ensure a mediated electron transfer (MET) regime [2, 3] . Electrochemical titration of photosynthetic proteins coupled with spectral measurements has been widely reported in the literature but only for proteins solubilized in solution and in the presence of soluble redox mediators [4e8] . The redox potential of a cofactor buried inside such a protein depends on many factors including the species of organism from which the protein was sourced [6] , the type of detergent used for solubilization [7] , and the pH or ionic strength of the solution [9, 10] . As accurate knowledge of cofactor redox potentials is crucial for the correct description of the mode of operation of bioelectronic devices and for modelling of their performance, there is a need for methodologies for the in situ determination of redox potentials in a device setting. At present, it is common practice to rely on literature values obtained for proteins in buffered solutions when discussing or modelling the mechanism of photocurrent or photovoltage generation in a photoelectrochemical device [11, 12] . However, such values may not be relevant for a complex photoprotein in a device or on an electrode where the interaction of the protein with the surrounding medium is likely to be different to that in aqueous solution.
The model system we have used to explore solutions to this problem is the RC from the purple bacterium Rba. Sphaeroides incorporated in a well-known osmium-complex based redox hydrogel (HG) matrix [13] (Fig. 1A ) that was used earlier for the wiring of other photoactive enzymes to the electrode surfaces [14e16] . The RC is a highly-characterized natural solar energy converter that has been used in a variety of both biophotovoltaic [17e19] and biosensing [20] systems, whilst polymer HG with redox active centers such as osmium complexes have been used extensively for the electrochemical wiring of enzymes [21] and other pigment-proteins to electrode surfaces [14, 15] . Both systems display redox-dependent absorption change that make them good candidates for a spectroelectrochemical investigation, and have well understood absorbance spectra (Fig. 1C) . On deposition of a RC/ HG blend on an FTO-glass substrate the osmium-complex species have a potential (z400 mV vs. SHE) suitable to wire the RC to the electrode for a cathodic current (Fig. 1B) , whilst ubiquinone-0 (Q 0 ) acts as a soluble electron acceptor. The RC comprises of a set of cofactors buried in protein scaffold in two branches (A and B). There are four bacteriochlorophylls, two of which form a dimer that acts as the primary donor of electron (P 860 ) and the other two are accessory bacteriochlorophylls (B A and B B ). There are also two bacteriopheophytins (H A and H B ), two quinones (Q A and Q B ) and one carotenoid (Fig. 1A) [22] .
Typically, after light absorption by any of the chromophores in the RC, the energy is transferred to the primary donor forming the P 860 * excited state (Fig. 1B) . The vast majority of excitation leads to charge separation within 3 ps, forming the P 860 þ H A À state [23] . Later on, the electron is transferred to a quinone at the Q B binding site, through Q A , forming the relatively long-lived P 860 þ Q B À state [24] . A current will flow in the cell if wiring of P 860 þ and Q B À to the electrodes by the osmium HG and Q 0 outcompetes~1 s lifetime recombination of P þ Q B À (Fig. 1B) .
Here, we describe the use of a combination of spectroscopic and electrochemical methods for the in situ determination of cofactor redox potentials in an assembled biophotovoltaic system with high Internal Quantum Efficiency (50±12 %), characterizing cofactor absorbance and photocurrent as a function of applied potential.
Experimental

Biophotoelectrochemical electrodes
FTO-coated glass slides (TEC 15, Sigma-Aldrich) were cleaned in an ultrasonic bath (Ct-Brand CT-432H1) sequentially in water with 4% TRILUX dish soap solution (Analab), double-distilled water and ethanol for 10 min each. After air-drying a 2-ml drop of aqueous HG-RC blend was placed on the slide surface. Composition of the blend was 5 mg/ml HG, 1 mg/ml wild type RC solution, 0.02 mg/ml poly (ethylene glycol) diglycidyl ether (PEGDGE, acts as crosslinker), 50 mM KCl, 50 mM phosphate buffer pH 7.0. After drop casting, electrodes were incubated in the dark at room temperature overnight. Prior to measurement, electrodes were gently rinsed with double-distilled water to remove loosely bound RCs and HG.
Rba. Sphaeroides RCs were purified as described previously [20] . Osmium-complex based redox HG poly (1-vinylimidazole-coallylamine)-[Os(bpy) 2 Cl]Cl (with bpy ¼ 2,2 0 -bipyridine) was synthesized as described previously [13] . Briefly the Os-complex precursor Os(II) (bpy) 2 Cl 2 and the polymer backbone poly (1-vinylimidazole-co-allylamine) were refluxed in ethanol in a 1.6:1 mass -ratio for several days. The polymer was precipitated by adding diethyl ether. The crude polymer was purified by several precipitations from ethanol/chloroform solution by adding diethyl ether. The polymer was obtained as a water soluble dark red solid in good yields. The polymer bound Os-complex moieties act as electron relays for shuttling electrons between the electrode surface and the enzyme, while the amino groups in the allylamine comonomer react with the diepoxy based crosslinker PEGDGE and ensure the formation of stable polymer-enzyme films. 
Sample characterization
For both photoelectrochemical and absorbance measurements, an FTO-|HG|RC working electrode was employed in a threeelectrode configuration in a specially-constructed spectroelectrochemical cell containing an electrolyte of 20 mM citrate buffer (pH 4.0) with 200 mM KCl (and 1.5 mM 2,3-dimethoxy-5-methyl-pbenzoquinone (Q 0 ; Sigma-Aldrich) for photocurrents). Details of the cell design and the experimental setup are given in Supporting Information, Figs. S1eS5. The FTO-|HG|RC working electrode was connected to the potentiostat by copper tape and ports gave access to the working electrode for absorbance measurements or photoexcitation and to the electrolyte for the reference and counter electrodes. For all electrochemical characterizations an Autolab PGSTAT204 potentiostat was used.
For measurements of absorbance change as a function of applied potential a custom setup was built. The measuring UV-VIS-NIR light source was an Avantes combined halogen and deuterium lamp (AvaLight-DH-S-BAL). Broadband detection was achieved using an Avantes HERO (AvaSpec-HSC1024x58TEC-EVO) spectrometer with range 285e1060 nm and 25-mm slit, equipped with a CCD. Light was guided by 600-mm-core optical fibers. The light after exiting the optical fiber before the sample was collimated through a lens (Avantes COL-UV/VIS) and after passing the sample was focused into a second optical fiber through a similar lens and then led to spectrometer. The spectrometer was set to a 200 ms integration time and 20 spectra were averaged for each final spectrum. The light intensity was kept low enough to prevent saturation of the detector in the chosen integration time. Potential was applied in steps lasting 60 s each, as this was enough to reach the plateau in current measurements. Spectra at the plateau of each of these steps were taken for further analysis.
For photocurrent measurements, an 860-nm LED was used whose characteristics are presented in Fig. S6 . For each potential, the sample was equilibrated for 120 s prior to illumination, which lasted 30 s. At each potential the photocurrent was determined as the difference between the maximum cathodic current upon illumination and the dark current just before turning on the light.
Measurements of photocurrent External Quantum Efficiency (EQE) spectra were carried out with a photoelectric spectrometer (Instytut Fotonowy). Illumination was via a monochromator from a xenon arc lamp, and light intensity was constantly monitored for correction of the photon flux at the sample. The applied potential was þ260 mV vs. SHE. At each wavelength the light was turned on for 10 s and then turned off for 10 s.
Internal Quantum Efficiency estimation
Internal Quantum Efficiency (IQE) estimation was based on the LED emission spectrum, the RC absorption spectrum in solution and the amplitude of P 860 absorption band of RCs in HG from spectroelectrochemical measurements (see Supporting Information for details on the calculation). The LED emission spectrum was measured using an Avantes Hero fiber optics spectrometer calibrated for CCD sensitivity. The RC absorption spectrum was measured in buffered (20 mM Tris-HCl pH 8.0) solution with detergent (0.1% LDAO) using a Hitachi U-2800A spectrophotometer.
Results and discussion
Absorption
Absorption spectroscopy at applied potentials between þ155 and þ 805 mV vs. SHE ( Fig. 2A) showed changes in absorbance relative to that at þ155 mV vs. SHE attributable to the osmiumcomplex based redox HG, with maxima around 520 nm and 725 nm, and to the RC in the region between 750 nm and 950 nm. The latter included a highly characteristic bleach at 860 nm and an electrochromic band shift centered at 800 nm.
To confirm these assignments, global analysis with a Nernst curves model was performed on the absorbance data. Global analysis has already proven its utility in the field of time-resolved spectroscopy allowing accurate determination of lifetimes in exponential decay models [25] . The resulting Potential Associated Spectra (PAS) are shown in Fig. 2B (see SI section S3 for details of analysis and the derivation of equations). The PAS associated with a redox midpoint potential (E m ) of þ531 ± 6 mV could be attributed to oxidation of the RC P 860 primary donor, which is well known to cause a bleach at 860 nm and electrochromic blue-and red-shifts centered at 800 nm and 750 nm, respectively, due to the positive charge on P 860 þ [7, 8] . The PAS associated with an E m of þ425 ± 3 mV was attributable to the osmium complexes inside the HG matrix, and such shape of spectrum was also observable in a photoelectrode prepared without RCs (Fig. S7 ). Fig. 3A shows a full electrochemical titration in which absorbance change (relative to the absorbance at þ155 mV) at 520 nm or 860 nm was plotted as a function of time, with the applied potential changed at regular intervals. The data demonstrate that the absorbance changes reporting on the redox state of the RC and the Os-complex based HG were reversible. A plot of absorbance change at 520 nm as a function of applied potential (Fig. 4A ) could be fit with an n ¼ 1 Nernst curve with an E m at þ425 ± 3 mV whilst a plot of the absorbance change at 860 nm was clearly biphasic (Fig. 4A) , and could be fit as the sum of two n ¼ 1 Nernst curves with E m values of 425 ± 3 mV and 531 ± 6 mV.
The amplitude of the PAS attributed to RCs gives the opportunity to determine the amount of electrically connected RCs in the film. The amplitude of the photobleaching band around 860 nm (À0.0024 ± 0.0005) can be attributed to the absorbance of P 860 in electrically connected RCs in the film in the fully reduced state (without P 860 þ state; see Fig. 1C for comparison) . The PAS does not look significantly different to the difference spectrum of P 860 /P 860 þ presented in literature [7] , thus we can estimate the absorbance of the electrically connected RCs at the maximum around 800 nm to be equal to 0.0057 ± 0.0012 based on the absorption spectrum in aqueous solution (Fig. 1C) . Using the literature value of the 800 nm extinction coefficient (288 000 M À1 cm À1 ) [26] and Lambert-Beer law the surface concentration of the electrically connected RCs was estimated to be G RCs ¼ 20±4 pmol cm À2 .
Photocurrents
Upon illumination by an 860-nm LED (Fig. S6 ), significant cathodic photocurrents were generated by the RC/osmiumcomplex polymer working electrode (see example in Fig. S8 ). The average photocurrent density among different samples (N ¼ 5) at optimal potential and measured with freshly prepared electrode was 52±5 mAcm À2 .
A spectrum of photocurrent EQE as a function of excitation wavelength (Fig. 5) was in a good agreement with the absorptance spectrum of the RC confirming it as the source of the photocurrent. We used absorptance spectrum instead of absorption spectrum as the absorptance is proportional to the number of absorbed photons just as photocurrent density is. Variation of the photocurrent density with applied bias potential is shown in Fig. 3B ; changes in photocurrent amplitude were again reversible, drop to zero above þ650 mV, and show a maximum around þ300 mV. The maximum photocurrent value in Fig. 3B was lower than mentioned above for optimal potential, as the data in Fig. 3B were derived from the second potential sweeping cycle for this sample, thus the sample had undergone partial degradation. After this primary degradation within first potential sweeping cycle the photocurrent and absorbance changes were reversible. Plotting the maximum photocurrent (Fig. 4B) , at potentials above þ300 mV the decline had a compound sigmoidal shape and could be fitted with the sum of two one-electron Nernst curves with E m ¼ 426 ± 8 mV and 516 ± 10 mV, in a good agreement with the results from absorbance measurements. Photocurrent vs. potential curve shape is by theory not a simple Nernst curve. However, within the obtained data the fit was sufficient. In general, this shape depends on relative rate constants of electron transfer between different elements of the system and the electrode as well as on electron diffusion constants. However, a full analysis of the latter lies outside the scope of this paper. The lower photocurrents seen at potentials below þ300 mV (Figs. 3B and 4B ) are likely due to reduction of freely diffusing quinone at the electrode surface, which decreases its ability to receive electrons from RCs (Q 0 is expected to have an E m of around þ230 mV in pH 4.0) [27] .
Internal Quantum Efficiency
IQE of the cells was calculated based on the absorbance amplitude of electrically connected RCs (0.0024 ± 0.0005 at around 860 nm) and photocurrent density (52±5 mAcm À2 ) to be equal to 50±12 %. It is only 2-fold lower than the quantum efficiency of the charge transfer within RCs in living cells [28] . The high IQE confirms that the investigated system is suitable for deeper characterization as the amount of loss is low. So far lower values of IQE were reported or even not calculated for some systems. One of the highest values so far was IQE of 39% reported for two system in two papers: Friebe et al. [29] for RC-LH1 complexes on rough silver electrodes with plasmon enhancement (white light, 1 sun illumination) and Stieger et al. [30] for PSI on mesoporous ITO (white light, around 1 mW cm À2 ). Both of these systems consist of porous conductive electrodes and proteins are wired to the surface with cytochrome c. Other system worth mentioning are Langmuir-Blodget (LB) monolayers of RC-LH1 complexes on gold electrodes by Kamran et al. [31] with 32% IQE (880 nm LED, 23 mW cm
À2
). It shows that even in LB films where the geometry and orientation of proteins is uniform, IQE is lower than in the system with electron mediator filling the space between protein and electrode, such as redox HG. In most of other papers, the IQE reported is below 10% (for example 1.3% for Singh et al. [32] ).
Midpoint potential shift
The E HG m of redox HG has been reported to depend on pH, ionic strength of the solution and type of protein included in the matrix. In combination with various enzymes and operated under different conditions value for the redox potential of the here used polymer lay in the range from 395 to 463 mV [15, 33, 34] . Moreover, CV recorded with a HG modifed FTO electrode under the same conditions that are used for the spectroelectrochemical experiments reveal a redox potential for the polymer of 421 mV (see Fig. S9 for sample CV). The value obtained here by absorbance measurements (425 mV ± 3) is in a good agreement with these values, thus confirming the correctness of the method.
The E [7] , likely due to electric charge and the polarity of surfactant head groups in the vicinity of P 860 . In the present case the backbone of the redox polymer used to encapsulate the RC as well as the Os-complex based electron mediator are positively charged, which likely shifts E P860 m to the observed higher value. This highlights the importance of the polymer backbone composition in terms of its interaction with the redox active protein.
The obtained difference between E HG m and E P860 m of about 105 mV gives a driving force lower than that occurring in the natural system with cytochrome c 2 (þ300 mV vs. SHE in vivo) [43] serving as the electron donor to P 860 . It may be one of the reasons for lowering of IQE along with unknown spatial coupling of osmium-complex redox centers with RCs. Knowing the exact values of E HG m and E P860 m in situ is a basis for improvement of future designs for example in terms of IQE. On the other hand, a further decrease of the driving force would decrease energy losses in the system, and the net effect of increased voltage of the device and decreased photocurrent (IQE) could be positive.
Conclusions
To conclude, although the Rba. Sphaeroides RC and related proteins have been used extensively as the basis for a wide variety of bio-photoelectrochemical cells, there has been relatively little attempt to use absorbance spectroscopy to interrogate their properties on an electrode or in a photoelectrochemical cell. In the present work a spectrophotoelectrochemical cell was constructed that enabled measurements of absorbance and photocurrent as a function of applied potential, producing information on the effect of potential on the redox state of key components and their impact on the measured photocurrent. From the EQE spectrum and the differential absorption spectra it was possible to conclude that the RCs remained functionally intact within the HG matrix, and that the midpoint potential of the primary electron donor was shifted towards a more positive potentials than those reported in the literature. Moreover, the IQE of the system was estimated in a relatively high value of 50 ± 12% presenting it as a good model system. This showed the importance of in situ measurements when an exact value is necessary for the modelling of mechanism of operation of a biophotovoltaic devices. Looking ahead, a major issue in the design of biophotovoltaic devices is understanding processes such as recombination, electron transfer bottlenecks and energy transfer inefficiencies that limit their photocurrents and photovoltages they can generate. Devices in which absorbance and photocurrent can be measured under controlled redox conditions open the door to the use of time-resolved optical spectroscopy for determination of kinetic rate constants for electron transfer between different parts of the system. Such techniques have unlocked the secrets of the high quantum efficiency of natural solar energy conversion, and there is the prospect of their use to inform iterative rational design of biophotovoltaic devices with improved performance.
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